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Higher-order results for electroweak precision observables in the Standard Model are analyzed in view of the
experimental accuracies achievable at the present and the next generation of colliders, and the indirect prediction
of the Higgs-boson mass from the precision data is discussed. Within the MSSM, two-loop results for the lightest
CP-even Higgs-boson mass are confronted with the exclusion limits from LEP. Possible precision tests of the
MSSM at a future linear collider are furthermore investigated.
1. INTRODUCTION
By confronting the electroweak precision data
with the theory, i.e. the electroweak Standard
Model (SM) or extensions of it, most prominently
the Minimal Supersymmetric Standard Model
(MSSM), it is possible to test the theory at its
quantum level, where all parameters of the model
enter. Within the SM, a fit to the precision data
allows to constrain the mass of the Higgs boson,
being the last missing ingredient of the model.
The present 95% C.L. upper bound on the Higgs-
boson mass is given by MH < 188 GeV [ 1]. The
dependence of the precision observables on MH
is only logarithmic in leading order, while they
depend quadratically on the top-quark mass [ 2].
Thus, in order to derive indirect constraints on
the Higgs-boson mass a very high precision of the
experimental data and the theoretical predictions
is needed.
While within the SM only the mass of the Higgs
boson has not been experimentally determined
so far, the MSSM in its unconstrained form (i.e.
without specific assumptions about the SUSY-
breaking mechanism) introduces more than 100
unknown free parameters (masses, mixing angles,
etc.). A precise determination of the model pa-
rameters will not only be important in order to
investigate whether the MSSM is consistent with
the data, but also to infer possible patterns of
the underlying SUSY-breaking mechanism. In
this context the indirect constraints on the model
from precision data will often be complementary
to the information from the direct production of
SUSY particles. Furthermore, a very stringent
direct test of the MSSM is possible. In con-
trast to the SM, the mass of the lightest CP-even
Higgs boson, mh, is not a free parameter in the
MSSM but is calculable from other parameters of
the model. This results in the tree-level bound
mh < MZ, which however is strongly affected by
large radiative corrections [ 3], shifting it to about
mh <∼ 135 GeV at the two-loop level [ 4, 5, 6, 7, 8].
If the lightest CP-even Higgs boson of the MSSM
will be detected, its mass will play an important
role as a precision observable. The prospective
accuracy at the LHC is ∆mh ≈ 0.2 GeV [ 9]. At
a future linear collider this could be improved to
∆mh ≈ 0.05 GeV [ 10], while at a future muon
collider even an accuracy of ∆mh ≈ 0.1 MeV [
11] could be achievable.
2. PRECISION OBSERVABLES IN THE
SM AT PRESENT AND FUTURE
COLLIDERS
The present bound on the Higgs-boson mass
derived within the SM by comparing the ex-
perimental data with the theoretical predictions
arises mainly from the precision measurements
of the mass of the W boson, MW = 80.419 ±
0.038 GeV [ 1], and the effective leptonic weak
2mixing angle at the Z-boson resonance, sin2 θeff =
0.23149± 0.00017 [ 1]. Theoretical uncertainties
in the predictions for the observables arise both
from unknown higher-order corrections and from
the experimental errors of the input parameters
(in particular mt, ∆αhad) used for the theoretical
predictions.
The constraints on MH arising from the pre-
diction for the W-boson mass are illustrated in
Fig. 1, where the most recent SM result forMW [
12] is compared with the current experimental
value. The present 95% C.L. lower bound onMH
from the direct search of MH = 107.9 GeV [ 13]
is also indicated. The plot shows the well-known
preference for a light Higgs boson within the SM.
Confronting the theoretical prediction (allowing
a variation of mt, which at present dominates the
theoretical uncertainty, within 1σ) with the 1σ
region of M expW and the 95% C.L. lower bound
on MH, only a rather small region in the plot
matches all three constraints.
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Figure 1. The prediction for MW as a function
of MH for mt = 174.3 ± 5.1 GeV is compared
with the current experimental value, M expW =
80.419 ± 0.038 GeV [ 1], and the experimental
95% C.L. lower bound on the Higgs-boson mass,
MH = 107.9 GeV [ 13].
At the next generation of colliders a significant
improvement can be expected in the experimen-
tal accuracies of both the observables employed
for testing the theory and of the input parame-
ters used for deriving the theoretical predictions.
This is illustrated in Fig. 2, where the SM predic-
tions for MW and sin
2 θeff are compared with the
experimental accuracy (assuming the present ex-
perimental central values of the observables) ob-
tainable at LEP2, SLC and the Tevatron (Run
IIA) as well as with prospective future accura-
cies at the LHC and at a high-luminosity linear
collider in a dedicated low-energy run (GigaZ).
The experimental accuracies assumed in Fig. 2
for LEP2/Tevatron, LHC and GigaZ are ∆MW =
30 MeV, 15 MeV, 6 MeV and ∆ sin2 θeff =
1.7 × 10−4, 1.7 × 10−4, 1 × 10−5, respectively.
The allowed region of the present SM predic-
tion corresponds to varying MH in the interval
90 GeV ≤MH ≤ 400 GeV and mt within its cur-
rent experimental 1σ uncertainty. The theoretical
prediction at GigaZ, assuming that the Higgs bo-
son has been found, is shown for three values of
the Higgs-boson mass, MH = 120, 150, 180 GeV,
and an uncertainty of δmt = ±200 MeV and
δ∆α = ±7 × 10−5 is taken into account in this
case. As can be seen in Fig. 2, the precision ob-
servables MW and sin
2 θeff provide a very sensi-
tive test of the theory, in particular in the case of
the GigaZ accuracy [ 14, 15].
This fact manifests itself in the precision with
which MH can indirectly be determined within
the SM. While at present the 1σ uncertainty
of δMH/MH derived from all data amounts to
more than ±60%, at GigaZ an accuracy of about
δMH/MH = ±7% can be expected [ 15],
1 which is
of the same order of magnitude as presently the
indirect determination of mt from the precision
data (without using its experimental value).
3. CONSTRAINTS ON tanβ FROM THE
HIGGS SEARCH AT LEP
The upper bound of about mh <∼ 135 GeV on
the mass of the lightest CP-even Higgs boson is a
definite and fairly robust prediction of the MSSM,
1For the future theoretical uncertainties from unknown
higher-order corrections (including the uncertainties from
δ∆α) we have assumed δMW(theory) = ±3 MeV and
δ sin2 θeff (theory) = ±3× 10
−5 [ 15].
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Figure 2. The present and prospective future
theoretical predictions in the SM (for three hy-
pothetical values of the Higgs-boson mass) are
compared with the experimental accuracies at
LEP2/Tevatron (Run IIA), the LHC and GigaZ.
which can be tested at the present and the next
generation of colliders. By comparing the experi-
mental limit on mh from the search at LEP2 with
the theoretical result for the upper bound on mh
in the MSSM as a function of tanβ (the ratio of
the vacuum expectation values of the two Higgs
doublets) it is possible to derive constraints on
tanβ.
The theoretical input used in the analysis of
the search at LEP for the lightest CP-even Higgs
boson of the MSSM has recently been improved
in two ways. Firstly, a new “benchmark scenario”
has been proposed [ 16, 17] which slightly general-
izes the parameter settings (for mt = 174.3 GeV
and MSUSY = 1 TeV kept fixed) used so far in
the LEP analyses. It leads to a more conserva-
tive upper bound on mh as a function of tanβ
(“mmaxh scenario”). Secondly, a new Feynman-
diagrammatic two-loop result for mh became
available [ 7] which incorporates genuine two-
loop contributions (see Ref. [ 18]) that were not
contained in the renormalization-group (RG) im-
proved one-loop effective potential result [ 5] pre-
viously used for the data analyses. This is il-
lustrated in Fig. 3, where the upper bound on
mh is shown as a function of tanβ. The differ-
ence between the dashed and the dotted curve is
the effect of changing the previously used param-
eter settings to the new LEP benchmark values
(mmaxh scenario), while the difference between the
full curve and the dashed curve is caused by using
the Feynman-diagrammatic (FD) result instead
of the previous result (RG). As can be seen in
the figure, both changes (for tanβ >∼ 1) result in
a sizable shift towards higher values of mh. Their
combined effect amounts to an upward shift of
mh of up to almost 10 GeV.
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Figure 3. The mass of the lightest CP-even Higgs
boson in the MSSM is shown as a function of tanβ
using the RG result with the parameter settings
previously used for the LEP analyses, the RG re-
sult in the mmaxh scenario, and the FD result in
the mmaxh scenario (see text).
This upward shift in mh(tanβ) gives rise to
the fact that the excluded tanβ region in the
mmaxh scenario using the combined data taken
by the four LEP collaborations up to the end of
1999 is smaller than in the previous LEP analy-
ses, despite the fact that the experimental lower
bound on mh as function of tanβ has consider-
ably improved. In Fig. 4, the excluded region re-
sulting from the combination of the data of the
4four LEP experiments is compared with the up-
per (and lower) bound within the MSSM (marked
as “theoretically inaccessible”) obtained with the
program FeynHiggs [ 19] based on the Feynman-
diagrammatic result. The upper plot shows the
case of the mmaxh scenario, for which an excluded
region of 0.7 < tanβ < 1.8 can be inferred [ 13].
The lower plot shows the so-called no-mixing sce-
nario [ 17], where vanishing mixing in the scalar
top sector is assumed (the other parameters are
the same as in the mmaxh scenario), resulting in
significantly smaller values of mh. In this sce-
nario an excluded region of 0.4 < tanβ < 4.1 is
obtained [ 13].
4. PRECISION TESTS OF THE MSSM
AT GigaZ
Similarly to the case of the SM, the predictions
for MW and sin
2 θeff can also be employed for
an indirect test of the MSSM. We consider here
the unconstrained MSSM with real parameters.
For the precision observables and mh mainly the
parameters of the scalar top and bottom sector
and of the Higgs sector are relevant. In Fig. 5
the predictions within the SM and the MSSM
in the MW–sin
2 θeff plane are compared with the
experimental accuracies at LEP2/Tevatron, the
LHC (and an LC without the GigaZ mode) and
GigaZ. For the SUSY contributions to MW and
sin2 θeff we use the complete one-loop results in
the MSSM [ 20] combined with the leading higher-
order QCD corrections [ 21].2 The allowed region
of the SM prediction is the same as in Fig. 2,
while in the MSSM prediction besides the un-
certainty of mt also the SUSY parameters are
varied. Fig. 5 shows that the predictions of the
two models have only a relatively small overlap in
the MW–sin
2 θeff plane (corresponding to the SM
with a light Higgs boson and the MSSM in the de-
coupling region). With the GigaZ accuracy, the
precision observables provide a high sensitivity to
deviations from both models.
The constraints from the precision data on
MW, sin
2 θeff , etc. at GigaZ can be combined with
2The recent electroweak two-loop results of the SM part
in the MSSM [ 12, 22] have not been taken into account,
since no genuine MSSM counterpart is available so far.
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Figure 4. The 95% C.L. bounds on mh in the
mmaxh and the no-mixing scenario obtained from
combining the data of the four LEP experiments
at 192 to 202 GeV with earlier data taken at lower
energies are compared with the upper bound on
mh within the MSSM [ 13]. The full lines repre-
sent the actual observation, while the dashed lines
are the expected limits based on “background
only” Monte Carlo simulations.
those from a prospective measurement ofmh with
a precision of δmh = 0.05 GeV. This could allow
to indirectly probe the masses of particles in su-
persymmetric theories that might not be accessi-
ble directly neither at the LHC nor at the LC.
As an example, we consider the case where at
the LHC and the LC the mass of the lighter scalar
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Figure 5. Theoretical predictions of the SM
and the MSSM in the MW–sin
2 θeff plane com-
pared with expected experimental accuracies at
LEP2/Tevatron, the LHC and GigaZ.
top quark, mt˜1 , and the t˜-mixing angle, θt˜, are
measurable very well. On the other hand, we as-
sume no experimental information on the heav-
ier t˜-particle, t˜2, and on the mass of the CP-odd
Higgs-boson, MA. For large masses, t˜2 and the
heavy Higgs bosons A, H and H± are very diffi-
cult to observe as a consequence of background
problems at the LHC and lacking energy at the
LC. For tanβ we assume that from measurements
in the gaugino sector either a fairly tight bound
can be set if tanβ turns out to be relatively small,
e.g. 2.5 ≤ tanβ ≤ 3.5, or otherwise only a lower
bound, e.g. tanβ ≥ 10 (see e.g. Ref. [ 23]). As for
the other parameters, the following values are as-
sumed, with uncertainties as expected from LHC [
9] and TESLA [ 10]: mt˜1 = 500±2 GeV, sin θt˜ =
−0.69± 2%, Ab = At ± 10%, µ = −200± 1 GeV,
M2 = 400± 2 GeV and mg˜ = 500± 10 GeV. In
our analysis we assume a future uncertainty in
the theoretical prediction of mh of ±0.5 GeV.
In this scenario, assuming as experimental val-
ues MW = 80.400 ± 0.006 GeV, sin
2 θeff =
0.23140± 0.00001 and mh = 115.00± 0.05 GeV,
we find the allowed region in the MA–mt˜2 plane
shown in Fig. 6 [ 15]. In the case of large
tanβ, where the prediction for mh depends only
mildly on tanβ, the constraint from the mh
measurement yields a rather tight bound on
mt˜2 [ 24]. In combination with the information
from the data on MW and sin
2 θeff this gives
rise to a relatively small allowed region in the
MA–mt˜2 plane (660 GeV
<
∼ mt˜2
<
∼ 680 GeV,
200 GeV <∼ MA
<
∼ 800 GeV). In the small tanβ
region, on the other hand, wheremh depends very
sensitively on tanβ, a larger allowed region in
the MA–mt˜2 plane is obtained. In both cases,
however, an upper bound on MA can be estab-
lished, which mainly arises from the precise mea-
surement of sin2 θeff . Note that we have assumed
a measured value of sin2 θeff in accordance with
the MSSM prediction in a region where the SUSY
particles do not completely decouple, i.e. a value
slightly below the corresponding SM prediction
(see Fig. 5). For the experimental accuracy at an
LC without the GigaZ mode no bound on MA
could be inferred.
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Figure 6. The region in the MA–mt˜2 plane, al-
lowed by 1 σ errors obtained from the GigaZ mea-
surements of MW and sin
2 θeff , taking as hy-
pothetical values MW = 80.400 ± 0.006 GeV,
sin2 θeff = 0.23140± 0.00001 and mh = 115.00±
0.05 GeV. tanβ is assumed to be experimentally
constrained by 2.5 ≤ tanβ ≤ 3.5 or tanβ ≥ 10.
We thank J. Erler, W. Hollik and P.M. Zerwas
for collaboration on various parts of the results
6presented here. G.W. thanks the organizers of
Loops and Legs 2000 for the invitation, the ex-
cellent organization and the pleasant atmosphere
during the workshop.
REFERENCES
1. A. Straessner, talk given at the XXXVth Ren-
contres de Moriond, Les Arcs, March 2000, to
appear in the proceedings.
2. M. Veltman, Nucl. Phys. B 123 (1977) 89.
3. H. Haber and R. Hempfling, Phys. Rev. Lett.
66 (1991) 1815;
Y. Okada, M. Yamaguchi and T. Yanagida,
Prog. Theor. Phys. 85 (1991) 1;
J. Ellis, G. Ridolfi, F. Zwirner, Phys. Lett. B
257 (1991) 83; Phys. Lett. B 262 (1991) 477;
R. Barbieri and M. Frigeni, Phys. Lett.B 258
(1991) 395.
4. J. Casas, J. Espinosa, M. Quiro´s, A. Riotto,
Nucl. Phys. B 436 (1995) 3, E: ibid. B 439
(1995) 466.
5. M. Carena, J. Espinosa, M. Quiro´s, C.E.M.
Wagner, Phys. Lett. B 355 (1995) 209;
M. Carena, M. Quiro´s and C.E.M. Wagner,
Nucl. Phys. B 461 (1996) 407.
6. H. Haber, R. Hempfling and A. Hoang, Z.
Phys. C 75 (1997) 539.
7. S. Heinemeyer, W. Hollik, G. Weiglein, Phys.
Rev. D 58 (1998) 091701; Phys. Lett. B 440
(1998) 296; Eur. Phys. Jour. C 9 (1999) 343.
8. R.-J. Zhang, Phys. Lett. B 447 (1999) 89;
J. Espinosa and R.-J. Zhang, IFT-UAM-
CSIC-00-09, hep-ph/0003246.
9. ATLAS Collaboration, Detector and Physics
Performance Technical Design Report,
CERN/LHCC/99-15 (1999);
CMS Collaboration, Technical Design
Reports, CMS TDR 1-5 (1997/98).
10. R. Brinkmann et al. (eds.), Conceptual Design
of a 500 GeV e+e− Linear Collider with In-
tegrated X-ray Laser Facility, DESY 97-048.
11. B. Autin, A. Blondel and J. Ellis (eds.),
Prospective Study of Muon Storage Rings at
CERN, CERN 99-02.
12. A. Freitas, W. Hollik, W. Walter and G. Wei-
glein, CERN-TH/2000-194, hep-ph/0007091;
A. Freitas, S. Heinemeyer, W. Hollik, W. Wal-
ter and G. Weiglein, CERN-TH/2000-207,
hep-ph/0007129.
13. The LEP working group for Higgs boson
searches, P. Bock et al., CERN-EP/2000-055.
14. S. Heinemeyer, Th. Mannel and G. Weiglein,
DESY 99-117, hep-ph/9909538.
15. J. Erler, S. Heinemeyer, W. Hollik, G. Wei-
glein and P.M. Zerwas, Phys. Lett. B 486
(2000) 125.
16. S. Heinemeyer, W. Hollik and G. Weiglein,
JHEP 0006 (2000) 009.
17. M. Carena, S. Heinemeyer, C. Wagner
and G. Weiglein, CERN-TH/99-374, hep-
ph/9912223.
18. S. Heinemeyer, W. Hollik and G. Weiglein,
Phys. Lett. B 455 (1999) 179;
M. Carena, H. Haber, S. Heinemeyer, W. Hol-
lik, C. Wagner and G. Weiglein, Nucl. Phys.
B 580 (2000) 29.
19. S. Heinemeyer, W. Hollik and G. Weiglein,
Comput. Phys. Commun. 124 (2000) 76;
CERN-TH/2000-055, hep-ph/0002213.
20. P. Chankowski, A. Dabelstein, W. Hollik,
W. Mo¨sle, S. Pokorski and J. Rosiek, Nucl.
Phys. B 417 (1994) 101; D. Garcia and
J. Sola`, Mod. Phys. Lett. A 9 (1994) 211;
D. Garcia, R. Jime´nez and J. Sola`, Phys.
Lett. B 347 (1995) 309; B 347 (1995) 321;
A. Dabelstein, W. Hollik and W. Mo¨sle, hep-
ph/9506251; P. Chankowski and S. Pokorski,
Nucl. Phys. B475 (1996) 3; W. de Boer,
A. Dabelstein, W. Hollik, W. Mo¨sle and
U. Schwickerath, Z. Phys. C 75 (1997) 625.
21. A. Djouadi, P. Gambino, S. Heinemeyer,
W. Hollik, C. Ju¨nger and G. Weiglein, Phys.
Rev. Lett. 78 (1997) 3626; Phys. Rev. D57
(1998) 4179.
22. G. Degrassi, P. Gambino and A. Vicini, Phys.
Lett. B 383 (1996) 219;
G. Degrassi, P. Gambino and A. Sirlin, Phys.
Lett. B 394 (1997) 188;
S. Bauberger and G. Weiglein, Phys. Lett. B
419 (1998) 333.
23. S.Y. Choi, A. Djouadi, M. Guchait, J. Kali-
nowski and P.M. Zerwas, Eur. Phys. J. C 14
(2000) 535.
24. G. Weiglein, CERN-TH/2000-006, hep-
ph/0001044.
